Periodontal disease affects the tissues that surround and support the tooth[@b1][@b2]. It is the most common osteolytic disease in humans and the most common cause of tooth loss in adults[@b3]. Periodontitis is initiated by a biofilm that forms on the tooth surface and induces an inflammatory response in connective tissue leading to the stimulation of osteoclasts and periodontal bone loss[@b4][@b5]. Periodontal infection stimulates the innate and adaptive immune response and the production of cytokines such as tumor necrosis factor and ligand for receptor activator of NF-κB (RANKL) that induce osteoclastogenesis[@b1][@b4][@b6][@b7][@b8][@b9]. We have postulated that the impact of inflammation on osteoblast lineage cells is an essential aspect of periodontitis[@b1] but as of yet there is no proof of this concept.

Osteoblast lineage cells consist of osteoblasts and osteocytes. Osteoblasts produce bone matrix proteins to form osteoid and may become trapped during bone formation to further differentiate to osteocytes or undergo apoptosis[@b10]. Osteocytes constitute the most abundant bone cell population and are important regulators of bone remodeling, influencing both osteoblast and osteoclast function[@b10][@b11]. Inflammation affects osteoblast lineage cells through the transcription factor nuclear factor-kappa B (NF-κB)[@b12]. There are two general pathways of NF-κB activation, canonical and alternative. Many different stimuli, including inflammatory cytokines and toll-like receptors activate the canonical NF-κB pathway. The alternative pathway is activated in response to a small subset of TNF family members. NF-κB is important in bone formation. Induction of osteoporosis by ovariectomy stimulates osteoporosis that is significantly reduced in transgenic mice that express a dominant negative mutant of IKK, which inhibits NF-κB in osteoblast lineage cells[@b13]. These mice have greater trabecular bone mass compared to controls due to increased osteoblast activity[@b13].

To investigate the role of NF-κB in osteoblast lineage cells in periodontal disease we examined mice with a dominant negative inhibitor of NF-κB under the control of a 2.3 kb regulatory unit of the collagen 1α1 promoter[@b13]. This promoter element restricts expression to osteoblasts and osteocytes[@b14][@b15]. Periodontitis was induced by oral inoculation of periodontal pathogens in a murine model that recapitulates the critical events of human periodontitis[@b16]. Surprisingly we found that bacteria-induced periodontal bone loss was completely blocked in in transgenic mice with inhibition of NF-κB in osteoblast lineage cells measured by microCT and histologically. We demonstrate that osteoclast formation is significantly reduced and bone formation enhanced in experimental mice demonstrating the importance of this cell lineage in the initiation and progression of periodontal bone loss. These data are the first to demonstrate that osteoblast lineage cells play an essential role in periodontal disease and indicate that they may be important therapeutic targets in the prevention and treatment of periodontitis. Moreover, they provide new insight into inflammation-induced bone loss, which is less well understood than physiological bone resorption[@b17].

Results
=======

Inhibiting NF-κB activation prevents bacteria-induced periodontal bone loss
---------------------------------------------------------------------------

MicroCT analysis demonstrates that oral infection induced a 42--45% loss in periodontal bone in both the maxilla and mandible of wild type (WT) mice (P \< 0.05) ([Fig. 1a,b](#f1){ref-type="fig"}). In contrast to normal mice, no bone loss was observed in Col1α1.IKK-DN transgenic (TG) mice. Similar results were obtained by histologic analysis. Induction of periodontal disease by bacterial inoculation caused a 2-fold loss in bone height in normal mice compared to baseline ([Fig. 1c--e](#f1){ref-type="fig"}). However in TG mice periodontal infection caused no loss of bone height (P \< 0.05).

Periodontal infection induces NF-κB activation in osteoblasts and osteocytes but not gingival cells
---------------------------------------------------------------------------------------------------

Immunofluorescent analysis was carried out to measure NF-κB nuclear localization, which is indicative of NF-κB activation. Periodontal inoculation stimulated a 3-fold increase in NF-κB nuclear localization in osteoblasts ([Fig. 2a,b](#f2){ref-type="fig"}, [Supplemental Fig. S1](#S1){ref-type="supplementary-material"} online), and 2.5-fold higher increase in osteocytes in WT compared to TG mice (P \< 0.05) ([Fig. 2c](#f2){ref-type="fig"}). In contrast NF-κB nuclear localization in gingival cells, consisting predominantly of fibroblasts and leukocytes, was stimulated by infection in both wild-type and transgenic mice ([Fig. 2d](#f2){ref-type="fig"}). Total positive NF-κB osteoblasts ([Fig. 2e](#f2){ref-type="fig"}) and osteocytes ([Fig. 2f](#f2){ref-type="fig"}) were also counted. As NF-κB is widely expressed and retained in the cytoplasm the number of positive was high in all groups with or without infection. TNFα and IL-17 are inflammatory mediators that are elevated by periodontal infection, expressed by cells close to alveolar bone and stimulate RANKL expression and bone resorption[@b18]. A luciferase reporter assay demonstrated that TNFα and IL-17 induced NF-κB transcriptional activity in osteoblasts and osteocytes *in vitro* ([Fig. 3a,b](#f3){ref-type="fig"}). TNFα stimulated NF-κB transcriptional activity through the canonical NF-κB pathway as shown by significant reduction of transcriptional activity when the p65 and p50 canonical NF-κB subunits were knocked down.

Inhibiting NF-κB activation does not affect an inflammatory infiltrate induced by bacterial infection
-----------------------------------------------------------------------------------------------------

The effect of oral infection on formation of an inflammatory infiltrate was examined in WT and TG mice. Oral inoculation of bacteria stimulated a significant increase in the number of PMNs and mononuclear cells in the epithelium and connective tissue of the gingiva (P \< 0.05) ([Fig. 4a,b](#f4){ref-type="fig"}). However, there was no difference between WT and TG mice indicating that osteoblast lineage cells did not participate in recruitment of these leukocytes to gingiva (P \< 0.05) ([Fig. 4a,b](#f4){ref-type="fig"}). Infection stimulated a significant loss of connective tissue attachment, which is associated with bacteria-induced inflammation in the gingiva[@b19]. There was no difference in attachment loss between WT and TG mice (P \> 0.05), consistent with a similar inflammatory infiltrate in both groups ([Fig. 4c](#f4){ref-type="fig"}).

Inhibition of NF-κB in osteoblast lineage cells decreases osteoclast numbers and reduces RANKL expression in osteoblast lineage cells
-------------------------------------------------------------------------------------------------------------------------------------

Mice exposed to oral pathogens exhibited an increase in osteoclast formation ([Fig. 5a,b](#f5){ref-type="fig"}). In WT mice the number of osteoclasts was induced approximately 2.5-fold. Infection stimulated a significant increase in osteoclasts in TG mice, but the amount was approximately one half that stimulated in WT mice (P \< 0.05) ([Fig. 5a,b](#f5){ref-type="fig"}). The percent eroded bone surface, reflecting osteoclast activity was reduced by 50% in TG compared to WT mice following infection (P \< 0.05) ([Fig. 5c](#f5){ref-type="fig"}). Osteoclast formation is largely driven by RANKL production, which is thought to be produced by leukocytes in the periodontium[@b20]. Unexpectedly we found that RANKL expression increased 4-fold in osteoblastic cells and 7-fold in osteocytes in WT mice after infection (P \< 0.05). This increase was completely blocked in osteoblasts/osteocytes in TG mice ([Fig. 5d,e](#f5){ref-type="fig"}). *In vitro* TNFα stimulated NF-κB nuclear localization in osteoblasts and osteocytes within 1 hour and RANKL expression within 24 hours ([Supplemental Fig. S2](#S1){ref-type="supplementary-material"} online). In contrast, RANKL production by cells in the gingiva was not affected by NF-κB inactivation in transgenic mice (P \> 0.05) ([Fig. 5f](#f5){ref-type="fig"}). Thus, periodontal infection stimulated RANKL production in osteoblast lineage cells in WT mice but not in TG, whereas other sources of RANKL were not affected in TG mice.

Inhibiting NF-κB activation increases new bone formation
--------------------------------------------------------

To determine whether there was a difference in the capacity of transgenic and WT mice to form new bone and repair the bacteria-induced bone loss, periodontal bone formation was measured. The amount of new bone formation (osteoid) reflecting osteoblast activity was measured histologically following oral infection and was 60% higher in the TG compared to the WT mice (P \< 0.05) ([Fig. 6a](#f6){ref-type="fig"}). It was also assessed by osteocalcin, a bone-specific matrix protein whose expression is indicative of new bone formation[@b21]. Osteocalcin was 2.4-fold higher in the TG compared to the WT mice after induction of periodontal disease (P \< 0.05) ([Fig. 6b](#f6){ref-type="fig"}, [Supplemental Fig. S3](#S1){ref-type="supplementary-material"} online). To better understand the impact of bone formation following infection the ratio of bone formed per osteoclast number was measured to assess the amount of bone coupling. In the transgenic mice the ratio of bone formation per osteoclast was 2-fold higher than the wild-type mice(P \< 0.05). Thus, the amount of bone repair (bone coupling) following periodontal infection is significantly higher in the experimental TG mice which inhibition of NF-κB ([Supplemental Fig. S4a,b](#S1){ref-type="supplementary-material"} online). Furthermore, it is important to take into account that periodontal bone density at the start of the experiments was similar in WT and TG mice (data not shown).

Inhibiting NF-κB activation increases the number of osteoblastic cells
----------------------------------------------------------------------

Oral infection decreased the number of osteoblastic cells by almost 30% in WT mice (P \< 0.05) ([Fig. 7a](#f7){ref-type="fig"}). However, the opposite occurred in TG mice with lineage specific inhibition of NF-κB. These mice experience a 57% increase in osteoblast numbers following infection (P \< 0.05) ([Fig. 7a](#f7){ref-type="fig"}). TUNEL assays were then carried out. Periodontal infection stimulated an 8.3-fold and 10.9-fold increase in the number of TUNEL positive osteoblasts and osteocytes cells, respectively in WT mice but no increase in TG mice (P \< 0.05) ([Fig. 7b--d](#f7){ref-type="fig"}). Furthermore, the link between NF-κB and apoptosis was further demonstrated by the 9.5-fold and 6.6-fold increase in osteoblastic and osteocytes cells that were double positive for TUNEL and for NF-κB nuclear localization in infected WT mice with no increase in the TG group (P \< 0.05) ([Fig. 7e,f](#f7){ref-type="fig"}). *O*steoblasts transfected with IKK had elevated annexin V and small dense nuclei consistent with apoptotic cells ([Supplemental Fig. S5a,b](#S1){ref-type="supplementary-material"} online). This was unexpected since activation of NF-κB is typically associated with a reduction of apoptosis and an increase in survival[@b22]. However, the impact of infection on osteoblast apoptosis was consistent with the impact on osteoblast numbers in WT and TG.

Discussion
==========

We demonstrate for the first time that osteoblast lineage cells play an essential role in bacteria-induced periodontal bone loss. Blocking NF-κB activation in these cells prevented loss of bone induced by bacterial infection. The impact of periodontal inflammation on osteoblasts had two significant outcomes. Osteoblast lineage cells significantly contributed to bone resorption by increasing the number of osteoclasts and osteoclast activity. In addition, the capacity of osteoclasts to repair resorbed bone is significantly reduced by NF-κB. If NF-κB activation is suppressed in these cells there is no net bone loss even when periodontal infection stimulates an increase in osteoclasts. This is the first evidence that a critical component of periodontal bone loss is due to the effect of inflammation on bone formation and that osteoblast lineage cells play a role in periodontal bone resorption.

The expression of osteoclast inducing factors by leukocytes, particularly lymphocytes and monocytes is thought to be primarily responsible for inducing periodontitis[@b20]. RANKL in particular has been suggested to be the driving force for generation of osteoclasts in response to periodontal infection[@b23]. However, osteoblast lineage cells, also express RANKL and have an important role in stimulating osteoclastogenesis[@b17][@b23]. Osteocytes express RANKL to a greater degree than osteoblasts[@b24]. There is a direct relationship between RANKL and NF-κB as RANKL induces NF-κB through RANK signaling particularly in osteoclast precursors[@b25]. However, in many cell types inflammatory signaling activates NF-κB and induces RANKL, which is an important in inflammation-induced bone resorption[@b25]. Thus, we saw reduced RANKL expression in osteoblasts and osteocytes with dominant negative inhibition of NF-κB. In addition, MAP kinase and other signaling intermediates that are upstream of NF-κB may participate in stimulating RANKL expression[@b26].

Although physiological bone resorption in bone remodeling is primarily regulated by cells of osteoblast lineage, particularly osteocytes, the contribution of these cells to inflammation induced bone loss is not well understood[@b17]. Infection stimulated increased NF-κB activation in osteoblasts and osteocytes of WT but not TG mice. However, similar basal activation of nuclear NF-κB was detected in both, which could be due to incomplete IKK inactivation by the dominant negative IKK, non-canonical NF-κB activation, or background immunofluorescence. We found that the number of osteoclasts was reduced approximately 50% when NF-κB activation is blocked in osteoclasts and that infection-induced osteoclast activity was significantly reduced. This agreed well with findings that infection stimulated RANKL production by osteoblasts/ osteocytes was blocked in the experimental mice but other sources were not affected, such as RANKL produced by cells in gingiva. Thus bone resorption still occurs in the dominant negative group but the resorbed bone is repaired by the activity of osteoblasts. As a result of resorption followed by repair there is no net change in the amount of bone in the DN group. In contrast the WT mice have more resorption and less reparative new bone formation and have net loss of bone. Another characteristic of periodontal disease is loss of connective tissue attachment of the gingiva to the root surface[@b1][@b2]. WT and TG mice had similar loss of connective tissue attachment, consistent with the concept that it does not involve osteoblast lineage cells. Thus, periodontal infection stimulates NF-κB activation in osteoblasts and osteocytes, and that these cell types are an important source of factors that stimulate bone resorption in periodontal disease.

Studies presented here demonstrate that an important feature of periodontal bone loss is the inhibition of bone formation. Infection caused a small decrease in osteoblast numbers in wild type mice. However, coupled bone formation was still greater in these mice, which may have been due to an increase in osteoblast activity, measured by histologic evidence of new bone matrix formed and expression of osteocalcin. Osteocalcin expression, which is incorporated into osteoid and reflects the level of bone formation, was significantly less in WT compared to TG mice. Thus, bone formation and osteocalcin production are promoted to repair loss of bone due to infection stimulated periodontitis[@b1] and are greater when the response of osteoblast lineage cells to inflammation is reduced by dominant negative inhibition of NF-κB. These results are consistent with those obtained with ovariectomy induced osteoporosis[@b13]. In ovariectomy induced bone loss there was little change in osteoclast numbers caused by inhibiting NF-κB[@b22]. In contrast we found that in periodontal infection NF-κB inhibition reduced osteoclast numbers, consistent with changes in RANKL expression by osteoblast lineage cells. Infection also reduced osteoblast numbers and increased osteoblast apoptosis to a greater extent in WT than TG mice. This is consistent with findings that inflammation induced by periodontal pathogens *in vivo* causes apoptosis of osteoblasts[@b27]. Although NF-κB is typically anti-apoptotic, under conditions that enhance inflammation it has been shown to have an indirect pro-apoptotic effects through induction of apoptotic factors such as TNFα and Bcl-2-associated protein (BAX)[@b28].

In summary, we report here demonstrating a critical role for osteoblasts in periodontal bone loss resulting from the effect of bacteria-induced inflammation on these cells mediated by NF-κB. We report for the first time that periodontal infection induces NF-κB in osteoblasts and osteocytes and that this activation is detrimental due to the impact of these cells on stimulating osteoclast formation and limiting reparative bone formation. Thus, these studies provide new insight into formation of osteolytic induced by inflammation, which is less well understood than physiologic bone remodeling. It may be possible to target NF-κB pathways to prevent inflammation induced bone loss by reducing bone resorption and enhancing bone formation.

Material and Methods
====================

Animals
-------

Transgenic male and female mice (Col1α1.IKK-DN) were generated that express a dominant negative IKK under the control of a 2.3 kbp element of the collagen 1α1 promoter that restricts activation of NF-κB in osteoblast lineage cells[@b12][@b14][@b15]. Mice received antibiotics (kanamycin and ampicillin to reduce the resident flora for 4 days and oral cavities swabbed for 2 days with 0.12% chlorhexidine gluconate rinse (Peridex, Procter and Gamble, Cincinnati, OH) prior to oral inoculation of bacteria. After 3 days without treatment and fasting for 3 hours, periodontitis was induced by inoculation of *P. gingivalis* and *F. nucleatum* once a day for 2 weeks around the molars and compared to mice inoculated with vehicle alone (2% methylcellulose). Mice were euthanized 6 weeks after oral inoculation. All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania. All methods were carried out in accordance with approved guidelines of the Institutional Animal Care and Use Committee.

Preparation of histologic specimens
-----------------------------------

Specimens were fixed in 4% paraformaldehyde overnight at 4 °C and decalcified in 10% EDTA for 3--4 weeks. Paraffin-embedded histologic sections were prepared for the region between the 1^st^ and 2^nd^ and 2^nd^ and 3^rd^ molars that included the teeth, gingiva, bone and periodontal ligament as described[@b29].

Detection of polymorphonuclear cells (PMNs) and mononuclear cells in histologic sections
----------------------------------------------------------------------------------------

The number of PMNs and mononuclear cells in epithelium and gingival connective tissue adjacent to epithelium was determined in hematoxylin and eosin stained sections as described[@b30].

Bone measurements
-----------------

Bone density was determined using a microcomputer tomography system (μCT35; SCANCO Medical, Bassersdorf, Switzerland). Bone percentage was measured as the area occupied by bone between two adjacent teeth. In hematoxylin and eosin (H&E) stained sections, distance to the bone crest was measured as the length form the cemento-enamel junction (CEJ) to the crest of the bone. Loss of connective tissue attachment was measured as described[@b19]. Osteoblasts were counted as cuboidal bone-lining cells in areas of bone remodeling[@b3]. Histologic sections were stained with tartrate resistant acid phosphatase (TRAP) as previously described[@b30][@b31][@b32]. Osteoclasts were identified as multinucleated, TRAP-positive bone-lining cells and eroded bone was determined as total lacunae length per total bone length[@b29]. New bone formation was measured using the reversal line as a reference as described[@b33]. Images from H&E and TRAP stained sections were captured with a Nikon Eclipse 90i microscope (Nikon, Melville, NY, USA) and NIS Elements-AR software (Nikon) was used for analysis.

Detection of osteocalcin, NF-κB, TUNEL and RANKL
------------------------------------------------

Paraffin sections were subjected to antigen retrieval in citrate buffer at 95 °C. Sections were incubated with antibody to osteocalcin (Takara, Mountain View, CA), NF-κB-p65 (Rockland, Gillbertsville, PA) or RANKL (Abcam, Cambridge, MA). Antibody was localized with biotinylated secondary antibody and avidin-biotin horseradish peroxidase complex (Vector Laboratories, Burlingame, CA). Antibodies were visualized using streptavidin Alexa-546 (Invitrogen, Carlsbad, CA) and counterstained with DAPI. Tyramide signal amplification (PerkinElmer, Waltham, MA) was used to enhance the signal. Apoptosis was detected using a TUNEL kit with fluorescent probe (Promega, Madison, WI). Fluorescent staining of cuboidal-shaped osteoblastic bone-lining cells, osteocytes in bone or cells in the gingival connective tissue was observed under 400× magnification. NF-κB nuclear localization was determined by co-localization of NF-κB-p65 immunofluorescence and DAPI nuclear staining on captured images using NIS-Elements software (Nikon). Cells that were immunopositive for cytoplasmic NF-κB-p65 were also determined by immunofluorescence in DAPI stained sections using NIS-Elements software with images. RANKL immunofluorescence was quantified in images captured at by measuring mean fluorescence intensity (MFI) of cells that had an osteoblastic appearance. Osteocalcin matrix was assessed by immunofluorescence in 0.02 mm of bone adjacent to the edge and the MFI measured. Immunofluorescent images were analyzed at 400× magnification.

NF-κB transcriptional activity, nuclear localization and RANKL expression *in vitro*
------------------------------------------------------------------------------------

MC3T3 osteoblasts and MLO-Y4 osteocytes were grown in MEMα media with 10% fetal bovine serum (FBS). Cells were transfected with a NF-κB-luc construct[@b34] (Stratagene, La Jolla, CA) or empty vector alone. Some cells were also transfected with scrambled or siRNA (Santa Cruz Biotechnology, Santa Cruz, CA) to knockdown NF-κB subunits p65, p50 or RelB or NF-κB inhibitor BAY 11-7082 (Santa Cruz Biotechnology, Santa Cruz, CA). Cells were incubated 1 day with TNFα (10 ng/ml) or IL-17 (10 ng/ml) (Peprotech, Rocky Hill, NJ) for 24 hours. Luciferase activity was measured with a Dual-Luciferase Reporter Assay System (Promega, Madison, WI). NF-κB RANKL kinetic assay also begun after 12 h starvation followed by incubations with TNFα for 1, 8 and 24 h and compared with 24 h unstimulated cells. Immunofluorescence for NF-κB-p65 (Rockland, Gillbertsville, PA) or RANKL (Abcam, Cambridge, MA) was done, after 10% formalin fixation (Sigma-Aldrich, Saint Louis, MO), as described above. Cells were observed under 400× with a Nikon inverted fluorescent microscope (Melville, NY, USA) and NIS Elements-D software used for analysis. Nuclear translocation of NF-κB was counted; RANKL was measured by mean fluorescence intensity. The annexin V assay was carried out with MC3T3 cells transfected with IKK expression construct or pcDNA empty plasmid (Santa Cruz Biotechnology, Santa Cruz, CA) as described above to induce NF-κB activation. Annexin V was measured by Annexin V-Biotin Apoptosis Detection Kit (Abcam, Cambridge, MA) with DAPI nuclear staining.

Statistical analysis
--------------------

Statistical analyses were performed using SPSS software (SPSS, Chicago, IL). One-way ANOVA was used to compare the differences between groups at a given time point and to compare differences from baseline values with the other time points, associated with Tukey's post-hoc test as well as the homogeneity of variance test. The significance level was set at P \< 0.05. Experiments were analyzed by a double blind examiner with 6 to 7 specimens per group.
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![Inhibiting NF-κB activation in osteoblast lineage cells block periodontal bone loss induced by inoculation of periodontal pathogens.\
Periodontal disease was initiated in IKK-DN transgenic mice (TG) or wild-type (WT) control mice by oral inoculation of the periodontal pathogens *P. gingivalis* plus *F. nucleatum* or vehicle alone. Mice were euthanized 6 weeks after oral inoculation. (**a**,**b**) MicroCT analysis of bone area between the molars in the mandible and maxilla. (**c**--**e**) Distance from a reference point on the tooth surface (cemento-enamel junction) to crest of bone in hematoxylin and eosin stained sections between the molars in the mandible and maxilla. ^+^significantly different in infected compared to matched non-infected group; ^\*^significantly different in infected TG compared to infected WT (P \< 0.05).](srep16694-f1){#f1}

![Periodontal infection stimulates NF-κB nuclear localization in osteoblasts and osteocytes, which is blocked in experimental mice.\
Periodontal disease was induced in wild-type and IKK-DN mice by oral inoculation of bacteria. (**a--c**) Nuclear NF-κB was measured by immunofluorescence by co-localization of NF-κB p65 immunostaining (red) and DAPI (blue) nuclear staining. Localization to bone-lining osteoblastic cells (indicated by arrows) was determined in cells with a cuboidal appearance and with a nucleus that was not fusiform or parallel to the bone surface and expressed as the number per bone length. Nuclear NF-κB was measured in osteocytes in bone matrix and expressed as the number per bone area. (**d**) Nuclear NF-κB was measured in cells located in the gingival connective tissue consisting primarily of fibroblasts and leukocytes and normalized per gingival area. (**e**,**f**) Cytoplasmic NF-κB p65 was examined by immunofluorescence by the presence of non-nuclear immunostaining in in osteoblasts and osteocytes in DAPI counterstained sections and normalized per length for osteoblasts and per area for osteocytes. Matched control antibody was negative. ^+^significantly different in infected compared to matched non-infected group (P \< 0.05).](srep16694-f2){#f2}

![TNF and IL-17 stimulate NF-κB activity in osteoblasts.\
Cells were transfected with a NF-κB luciferase construct without or with transfection by scrambled siRNA or siRNA specific for NF-κB p50, p65 or relB subunits or with NF-κB inhibitor and then stimulated with (**a**) TNF or (**b**) IL-17 overnight. Luciferase activity was normalized by renilla control and expressed as relative luciferase units. ^\*^significantly different compared with unstimulated cells (P \< 0.05); ^+^significantly different compared stimulated control (P \< 0.05).](srep16694-f3){#f3}

![Inhibition of NF-κB in osteoblast lineage cells does not affect formation of an inflammatory infiltrate or loss of connective tissue attachment.\
PMNs and mononuclear cells in gingival epithelium or connective tissue were assessed in hematoxylin and eosin stained sections. Loss of connective tissue attachment to the molar teeth was measured in hematoxylin and eosin stained sections. ^\*^Significantly different in infected compared to matched non-infected group (P \< 0.05).](srep16694-f4){#f4}

![Inhibiting NF-κB activation in osteoblast lineage cells reduces osteoclast numbers and RANKL expression induced by periodontal infection.\
Periodontal disease was induced in wild-type and IKK-DN mice by oral inoculation of bacteria as described in [Fig. 1](#f1){ref-type="fig"}. (**a**--**c**) Osteoclasts (indicated by arrows) were counted as multi-nucleated cells lining the bone surface in TRAP stained sections. Eroded bone surface was measured as the length of resorption lacunae divided by total bone length in TRAP stained sections. (**d**--**f**) The expression of RANKL by osteoblastic cells, osteocytes and cells in gingival connective tissue was determined by immunofluorescence following the approach described in [Fig. 2.](#f2){ref-type="fig"} ^\*^significantly different compared to matched non-infected group (P \< 0.05).](srep16694-f5){#f5}

![Inhibiting NF-κB in osteoblast lineage cells enhances new bone formation following induction of periodontal disease.\
Periodontal disease was induced in wild-type and IKK-DN TG mice by oral inoculation of bacteria as described in [Fig. 1](#f1){ref-type="fig"}. (**a**) TRAP stained sections were analyzed for the amount of new bone formation using the reversal line as a guide. (**b**) Osteocalcin was measured by immunofluorescence with data expresses as the mean fluorescence intensity. ^+^significantly different in infected compared to matched non-infected group; ^\*^significantly different in infected TG compared to infected WT (P \< 0.05).](srep16694-f6){#f6}

![Periodontal infection reduces osteoblast numbers, which is reversed in transgenic mice with inhibition of NF-κB in osteoblast lineage cells.\
Periodontal disease was induced in wild-type and IKK-DN mice by oral inoculation of bacteria as described in [Fig. 1](#f1){ref-type="fig"}. (**a**) The number of osteoblasts was measured per mm bone length by their characteristic cuboidal appearance in hematoxylin and eosin stained sections. (**b**--**d**) TUNEL^+^ osteoblasts and osteocytes were measured in in histologic sections with a fluorescent TUNEL assay. (**e**,**f**) The number of double positive (TUNEL^+^ nuclear NF-κB^+^) osteoblasts and osteocytes were measured by fluorescent TUNEL assay combined with immunofluorescence using an antibody to p65 following the approach as described in [Fig. 2](#f2){ref-type="fig"}. Matched control antibody was negative. ^\*^significantly different in infected compared to matched non-infected group (P \< 0.05).](srep16694-f7){#f7}
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